Full scale experiments have been conducted with telephone cables in an attempt to simulate the thermal and atmospheric conditions of a real cable fire. The cables used for the experiments had polyethylene sheathing and were of the same specification and layout as those in the real fire. Temperature, gas concentration, smoke concentration, and hot air velocity were measured and recorded every 15 sec. Thousand pairs of wires were monitored to record the times of their communication stogpages due to fire. Temperatures around the ignition region showed 800 C after 5 min, and the average flame spread over the surface of the cables was about 3 m/min along the tunnel. It was found that the stoppage against time showed a normal distribution with a standard deviation of 2 3 min. Based on the comparison of both stoppage behaviors of the experiments and the real fire, the start time and the propagation of the real fire were estimated.
the same layout which existed in the Setagaya fire. We paid special attention to obtaining the sequence of stoppage occurrence as well as the basic information necessary to assess the speed of fire development and temperature distribution in the early stages of the fire. The results of the tests may help to determine fire prevention measures as well as calculating risk analysis.
EXPERIMENTAL PROCEDURES
Based on the witness and workers reports, cable layout and size of the Setagaya tunnel, and the sequence of the stoppage times of the communication functioning, the following fire test procedures were adopted. The cross section of the experimental tunnel, which was made of a reinforced concrete, is shown in Figure 1 . The tunnel was set on a horizontal concrete slab in an open field. About 2/3 of the upper area of one open-end was covered with a thick plaster board to reduce the effects natural wind. The other was fully opened to exhaust the smoke of the fire. The vertical steel hungers were attached to both inside walls every 0.8 m. The circles on the racks, in Figure 1 , indicate the cables, some of which were bundled on racks with cotton cords as they would be in the real cable tunnel. We adopted X-axis along the tunnel with X = 0 at the center. The layout and number of cables are significant factors as fuel mass distribution. The cable layout in the experiment was chosen carefully so as to be the same as same as the layout in the Setagaya telephone cable tunnel. Therefore, 42 telephone cables, 24 cables for one side and 18 cables for the other side, were used in the experiments. No power cable was included. The wires were covered with thin aluminum tapes and wavy folded steel plates. and polyethylene sheathing. The cables had an outer diameter of about 70 mm, with about 3 mm thick polyethylene sheathing. One cable, indicated with a large circle in Figure 1 , had a connection service cylindrical box covered made of thick lead. This metal cover was opened by two workers using gasoline torches prior to ignition of the system. A 5 kg cotton sheet, without fire retarding, was set on the cables #17 and #18 which were located just under cable #16. The one end of the sheet touched and spread out about 0.2 -0.3m on the tunnel floor. After opening the lead cover, a gasoline torch with a very small flame was put on the sheet and this flame touched the sheet and ignited it. Ignition was carried out at the center, X=O, of the tunnel. The ignition material and method adopted in the experiment were similar to the fire scenario of the Setagaya Cable Fire. The stoppage in transmission over the telephone wires due to fire was monitored and recorded for 1,000 pairs of wires chosen from the 42 cables. Temperatures in the tunnel were measured at 108 points by means of thermocouples (K-type) at X=-0.5, 0, 0.5, 1.0 and 3.0m, respectively. Concentrations of CO 2, CO and O 2 gases, smoke concentration, and velocity were also measured. Outputs from thermocouples, gas analyzers, pressure gauge etc., were recorded every 15 seconds.
RESULTS AND DISCUSSION
The experiments were carried out twice using the same specifications for the cables and cotton sheet, and the same model tunnel. The burning zone on the sheet spread forming a triangular shape and a flame reached the connection parts of cable #16 after 60 -103 sec following ignition. Flames propagated to the upper cables #13, #9 and #10. Drippings of flaming polyethylene from the burning sheathing dropped on cable #17 -#24 and started many new areas of fire. Flame spread along the ceiling and reached the opposite side. Cables #25 #27, were the first to ignite on the opposite side. Many flaming drippings from these cables dropped onto the lower cables and, again, new areas of fire. The visual observation of the fire are shown in Table  1 .
The flame length of the torch in experiment #1 was slightly longer than that in #2. This gave slightly faster propagation time, as shown in Table 1 . It is clear to see how the burning area spread from the temperature distribution diagrams. Figure 2 -a shows the temperatures at X=O after 5 min in experiment #2. The flame from the left side cables began to spread to the opposite side. After 6 min, flame propagated to the cables on the top rack of the right side. Figures 2-b and 2-c show temperatures at 7 min at X = 0 and along the tunnel, respectively. After 8 min, the temperature rise ranged from 700 to over 900 00, and the burning of the cables was fully developed. As is illustrated in Figure 2 -c, it is likely that at that time, a hot layer of over 600 00 approximately, with thick black smoke, formed to about a 15 20 cm thickness. The evaluation of recorded temperatures, along cables #2 and #3, shows that representative average spread rate of burning front for horizontal direction was about 3 m/min during the first 7 min. This value is extremely large compared to Suzuki et al. [9, 10] . They reported a horizontal flame spread velocity of about 0.1m/min under the ventilated condition of about 3 m/sec using polyethylene sheathing cable placed horizontally in a small-scale duct model. This may be not only due to the intensive radiative heat flux [9, 11] from burning zone but also due to the convective heat flux in the hot smoky flow. In the first 7 min, the observed air velocity under the ceiling was 2 -3 m/sec. The average downward flame spread rate in the vertical direction in the early stage of the fire, which was mainly due to the burning drippings of polyethylene, was about 1 m/min. This shows that the burning behavior of cables strongly depends on the scale factor, configuration, and Figure 2 Temperatures in the cross section at the center of the tunnel, (a) 5 min after, (b) and (c) 7 min after the initiation of fire.
materials of the tunnel/duct. When the sheet had been burnt and began to ignite the wires of cable #16, co gas concentration had been about 2 % and CO gas about 0.5 -0.8 %. After 5 min, flames from the first cables, reached to the ceiling and both CO and CO 2 concentrations increased to 3.4 % and 13 16 %, respectively. It is likely that the CO concentration increased with time, but CO 2 gas concentration stayed roughly constant. The oxygen concentration decreased abruptly to about 1 % after 5 min corresponding with the stage of fully burning cables. Optical smoke concentration indicated Cs = 0.1 -4 (1/m) when the sheet had been burning and then increased abruptly over scale as cables burned and gave off thick smoke. The air velocity at X = 3 m and 10 em below the ceiling increased from about 1 m/sec to 3.5 m/sec when cables began to burn intensely.
An evaluation of the recorded time order of stoppages in the cables showed that stoppage occurred first in the outer units of the wire groups and then spread into the inner units. Each stoppage appeared discretely when plotted against elapsed time. In order to estimate the stoppage behavior in all units of a cable, the number of stoppages were accumulated with time and also plotted against time. Figure 3 shows the relation between cumulative counts of stoppages and time, as obtained from cable #9. From the behavior of 42 cables, the occurrence of stoppages in a cable appeared to be a normal distribution with time. Therefore, stoppage behavior was simulated based on the normal distribution, as illustrated in Figure 3 . The cumulative curves were simulated based on the normal distribution and good agreement with the data was obtained. The normal distribution obtained in the appearance of stoppages may be explained in terms of the central limited theory. It is supposed that as wire sheathing melts at various local points inside the cable, the underlying wires in the cable are almost equally and simultaneously exposed to the surrounding high temperatures and immediately fail, because wires in the cable are packed tightly. It is likely that a stoppage represents the partial stoppage. Table 2 shows the mean times and standard deviations of stoppage time of each cable. The times in Tables 2 are the mean times of stoppage using the stoppage of cable #16 as time zero. In experiments #1, the modified exchange machine failed, and some stoppage times could not be obtained. We excluded the data from the statistics for the cables which had small number of wires connected to the modified exchange machine. The development of fire in the tunnel could be divided roughly into three regions. The burning region located above cable #16, where burning started with cables on the 4th rack (cable #13) and proceeded towards the top rack (cables #1 -#4). Then, the flames from the burning cables, such as #1 -#16, reached to cables #25 -#27 and caught fire. At that time drippings of flaming polyethylene initiated another burning region below cable #16 as the third region. Table 3 shows the mean times of initiation of burning of the lower cables. The start of the burning of cables #1 #4 on the top rack almost coincided with the burning initiation times of #25 -#40.
Of about 1,200 records of stoppage sequence obtained in the Setagaya fire, 651 records, which were included in the three independent cables A, Band C were selected. These cables corresponded to cables #9, #10, and #34 respectively in the experiment. As shown in Figure 3 , the stoppage behavior of wires in a cable showed normal distribution. Therefore, we plotted the accumulated counts of stoppages against time as shown in Figure 4 . Table 4 shows the mean and standard deviation of stoppage times obtained from these three cables. The telephone cable had 18 units of wire groups (200 pairs of wires per unit) which consisted of a core of one unit at the center, 7 units (#2 -#8) for the second layer, and 11 units (#9 -#18) for the third layer. The wires of the stoppages recorded within cables A and B belonged to unit #20 -#24 in the third layer, and to #3 -#10 of the second layer, respectively. Cables A and B located on the same rack were nearest to each other. The cable layouts and observations of the fire propagation in the experiments showed that these two cables began to burn at almost the same time and they were the first cables which caught fire from cable #16. The stoppage behavior of cables A and B could therefore be treated as a single cable stoppage. The mean time and standard deviation of stoppages of communication function for cables A and B are added in Table 3 . Fire spread from cable A + B to cable C taking 7 min 50 sec -11 min 46 sec at the 95 % confidence range. The stoppage behavior of cables both in the experiments and in the Setagaya fire showed a similar pattern of normal distribution, as shown in Figures 3 and 4. The walls of the model tunnel were dry and well ventilated from the outside. In the Setagaya cable tunnel, on the contrary, the walls were very wet from ground water and had a poor air supply as compared to the model. These differences in the tunnel condition gave slow fire propagation speed in the Setagaya tunnel. The model of the time difference between the experiment and real fire is illustrated in Figure 5 . The suppression rate, the ratio of t It, was estimated by comparing the fire growth rate between cable #9~~10 to #34 in the experiment, and cable A + B to cable C in the Setagaya fire.
In experiment #1, the flame was a little longer than the one in the second experiment. Therefore, we uses the results of experiment #2 for making a comparison with the real fire. The evaluation of times in Table  5 shows that the suppression rate may be 0.25 -0.3 compared to the experiment 2. Table 4 and Table 5 could give an estimated mean time of stoppage of cable #16 in the real fire of about 7 min 50 sec -11 min 46 sec before the mean time stoppages in cables #9 + #10. Hence, it could be said that the mean time stoppage of the cable which corresponds to cable #16 in the test fire located between 11:38:32 -11:42:24 a.m •• Table 2 shows the standard deviation of stoppage in cable #16 to be 87 and 97 seconds for experiments #1 and #2, respectively. We adopted 92 seconds of the averaged previous times as the standard deviation. Taking the standard deviation of 92 seconds and a suppression rate of 0.25 0.3 for the cable, corresponding to cable #16, it could be estimated that the first cable stoppage in the real fire may be between 11:26:43 -11 :33:13 a s m, Table 3 Average of mean times Two workers had left the Setagaya tunnel before 11:30 a.m. on the day of the fire. They left two gasoline torches in the tunnel so as to continue the maintenance work after having lunch. One of them had just returned to the Setagaya telephone station, when he was informed that black smoke was coming from the tunnel. There were several witness who saw smoke first appearing from the man-hole and vents around 11:30 11:35 a.m..
The start time of the Setagaya cable fire was estimated from the times reported by those witnesses and workers around 11:30, and which coincides with the time estimated from the fire data in the experiment. Table 5 Elapsed time from cables #9 + #10 to cable #34 
CONCLUSION
The sequence of cable function stoppages showed normal distribution against time as observed both in the real fire and the model. Therefore, we could estimate the development of the real fire based on the results of the experimental fire.
When telephone cables without fire retardant sheathing are set on fire, they lose communication function within 5 -6 min. Extremely fast development of thick smoke must be expected. Experimental results indicated that the development of the burning front in a tunnel can be as fast as 3 m/min. Effective fire fighting measures against a tunnel fire are difficult to apply, because, smoke severely limits visibility after only 3 -5 min and there are few access holes. Smothering with an inertgas, such as nitrogen and/or exhaust gas, is one of possible method of extinguishing a cable tunnel fire.
In the case of the Setagaya Cable Fire, the fire spread into the Station was stopped by class A fire resisting door(s). This helped the earlier restoration of communication function of the telephone network compared to the fire which had occurred in New York City [12] . This suggests that compartmentation of such tunnels by fire resisting doors is one effective method against fire development. It is also exceedingly important to give some fire retardation to the telephone cable sheathing as well as to have an early fire detecting system, particularly in a long tunnel.
